Dietary fibers perform various physiological and metabolic functions in the human body. Pectin, a water-soluble dietary fiber, is a natural complex heteropolysaccharide composed of galacturonic acid residues and a variety of neutral sugars such as rhamnose, galactose, and arabinose. It is a constituent of the cell wall and is conserved in all terrestrial plants. Besides the health benefits associated with dietary fibers, new health-related functions are being explored, particularly those related to their bioactive roles, inducing morphological changes in the small intestine. This review discusses the structure of pectin, its widely known physiological functions, and the new developments in pectin research.
Introduction
Dietary fibers perform various physiological and metabolic functions in humans, including reduction in the risk of developing various diseases such as hypertension, diabetes, obesity, and gastrointestinal disorders (Anderson et al., 2009 ). The high consumption of dietary fibers has been shown to improve serum lipid concentration, lower blood pressure, improve blood glucose control in diabetes, contribute to weight loss, and enhance immune function (Anderson et al., 2009 ). These physiological effects are presumably associated with the fermentation of dietary fibers by the colonic microflora that results in the production of short-chain fatty acids (Brown et al., 1999) . On the other hand, dietary fibers exert direct (microflora-independent) effects on the gastrointestinal tract. Several studies have shown that pectin, a soluble dietary fiber, induces morphological changes and promotes crypt formation in the small intestine (Langhout et al., 1999; McCullough et al., 1998; Tasman-Jones et al., 1982) . However, the mechanisms underlying the pectin-induced morphological alterations in the small intestine remain questionable.
The intestinal epithelium of the small intestine is continuously renewed by the generation of cells and migration of stem cells located at the bottom of the crypts to the top of the villi (Babyatsky and Podolsky, 1999) . Wnt proteins play a key role in the development and homeostasis of the intestinal epithelium (Crosnier et al., 2006) , while heparan sulfate (HS) plays a critical role in the intestinal crypt homeostasis by regulating the Wnt affinity (Yamamoto et al., 2013) .
This review discusses the structure of pectin, its widely known physiological functions. The new developments in pectin research are also reported .
Historical background
Pectin is universally present in each organ of terrestrial plants in the meristematic tissue and parenchyma (Maxwell et al., 2012; Srivastava and Malviya, 2011) . At the cellular level, pectin is ubiquitous in the cell wall and the middle lobe of the plant cell, but its quantity and quality vary greatly between plant species and sites (Naqash et al., 2017) .
The word pectin is derived from the Greek word "pektos," which means "rich, solidify," coined by a French chemist Braconnot, who also isolated chitin and glycine (Braconnot, 1825) . However, the substance that corresponded to pectin was a jellylike molecule discovered for the first time in 1790 from tamarind New understanding of pectin as a bioactive dietary fiber Yabe by a French chemist Vauquelin (Vauguelin, 1790) . For more than 200 years, the research on pectin has been continued worldwide. In this period, various compounds related to pectin have emerged, causing confusion among the researchers. Although the definition and unified name of pectin and related substances were released by the American Chemical Society (Kertesz et al., 1944) , the confusion persists. In Japan, pectic substances, protopectin, pectinic acid, and pectic acid, are commonly used not only in the research field but also in the industry. Pectic substances refer to pectin or a group of polysaccharides extracted from the cell walls using hot water, aqueous solutions such as ammonium oxalate, weak acids, or chelating agents. Protopectin is an insoluble pectic substance known to be present in immature fruits. Pectinic acid, or narrow pectin, is a soluble substance derived from protopectin by enzymatic action in mature fruits. Pectinic acid has a methyl ester group (methoxy group); however, it gets decomposed to its insoluble state and contains no methyl ester group, a form also called as the non-esterified pectin. Pectic acid is a polymer of galacturonic acid, a constituent sugar, without any methyl ester group.
Pectin has been used in food items such as jams and jellies for its gel-forming ability. Pectin is not used as a raw material but serves as a food additive. As it is a type of dietary fiber present in vegetables and fruits, the applications of pectin in the form of a healthy food ingredient have gained increasing attention in recent years.
Chemical structure of pectin
Like cellulose and hemicellulose, pectin is one of the major molecules constituting the cell wall of terrestrial plants (Maxwell et al., 2012; Srivastava and Malviya, 2011) . Pectin is a polysaccharide universally included in the primary cell wall that lacks lignin during elongation and growth as well as in the middle lobe, a thin layer that facilitates attachment between adjacent cells. The other secondary cell wall constituting the plant cell wall is a structure formed by the accumulation of lignin inside the primary cell wall and lacks pectin (Albersheim et al., 2011) . In the primary cell wall, pectin exists along with xyloglucan as a matrix polysaccharide between cellulose fine fibers. While xyloglucan crosslinks fine fibers, pectin plays a role of filling the gaps. Pectin comprises about 30-35% of cell walls in genuine dicotyledonous plants and 1-5% cell walls in monocotyledonous plants, ferns, and bryophytes (Albersheim et al., 2011) .
Pectin is a complex polysaccharide of various monosaccharides. In 1917, Ehrlich proposed that pectin is a polymer of D-galacturonic acid (GalA) (Ehrlich, 1917) , while Henglein and Schneider in 1936 reported that galacturonic acid was linearized by an α-1,4 bond (Henglein and Schneider, 1936) . Currently, it is believed that pectin has several structural domains that contain multiple monosaccharides other than galacturonic acid. Three of the main structural regions are homogalacturonan (HG), rhamnogalacturonan-I (RG-I), and rhamnogalacturonan-II (RG-II) that are thought to be linked to each other by covalent bonds, although their respective positional relationship and bonding mode are unknown (Mohnen, 2008) .
Homogalacturonan serves as a structural region occupying about 65% of typical pectin and is a linear polysaccharide carrying D-galacturonic acid residues linked together by the α-1,4 bond. During HG biosynthesis in the plant cell, D-galacturonic acid is initially polymerized by galacturonic acid transferase on the Golgi apparatus membrane (Atmodjo et al., 2011 ) with a simultaneous catalysis of the carboxy group of the galacturonic acid residue by the enzyme methyltransferase in a methyl esterification reaction (Held et al., 2011) . It is secreted into the cell wall in a highly esterified state and then undergoes a partial catalysis by the pectin methyl esterase family enzymes present in the cell wall to form the complete HG. The acetylated hydroxyl groups at positions 2 or 3 have also been thought to be involved in this process (Schols and Voragen, 2003) . Although the degree of methyl esterification differs between the plant species and tissues, the carboxy group of the galacturonic acid residue is exposed and bound to the calcium ion when all the methyl ester groups on HG are demethylated in a linear fashion. As a result, it crosslinks intramolecularly and intermolecularly in HG to promote gelling of pectin and hardens the cell wall. On the other hand, demethylation of the methyl ester group on HG makes the molecule susceptible to decomposition by some enzymes such as endopolygalacturonase and eventually softens the cell wall. Thus, HG functions as a key factor in the process of strengthening the primary cell wall.
The RG-I region ( Figure 1 ) is a structural region that accounts for 25 -35% of a typical pectin molecule. RG-I is a complex carbohydrate with repeating units of disaccharides D-galacturonic acid
wherein the side chain is bound to the hydroxy group at the fourth position (rarely third position) in the rhamnose residue. The side chains are arabinans mainly composed of α-1,5 linkages of Larabinose and galactans comprising β-1,4 linkages of D-galactose (Voragen et al., 2009) . Furthermore, arabinogalactan in the side chain is known to be involved in various physiological functions.
Rhamnogalacturonan-II is the most complicated structural region occupying about 10% of a typical pectin molecule. RG-II is very well preserved through the process of evolution and is present in the primary cell wall of all terrestrial plants. The basic structure is a complex polysaccharide region having an average molecular weight of 5,000 Da and carrying four side chains of different structures bonded to a galacturonic acid polymer (degree of polymerization of 9 to 12) of D-galacturonic acid residues linked together by the α-1,4 bond (Bar-Peled et al., 2012) . RG-II may exists alone or in the form of cross-linked sites forming a diester between boric acid molecules of neighboring RG-II regions (O'Neill et al., 2004) .
Food applications of pectin
Pectin is generally well known as a component of jam. This in- 
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New understanding of pectin as a bioactive dietary fiber cludes commercial jams as well as those easily made at home by adding sugar to fruits such as strawberries. Pectin is widely used as a food additive (thickening stabilizer) in commercially available jams, fruit jelly, ice cream, and other products. In Japan, it is mandatory to mention the food additives used in the manufacturing of processed foods in the list of content placed on the packaged container; hence, pectin would be included in the contents when used. The food additives used for the prescribed eight types of applications such as preservatives and sweeteners are described in the form of their names together with their applications. For instance, the pectin classified as a thickening stabilizer would be indicated as "thickener (pectin)," "gelling agent (pectin)," or "paste (pectin)".
Among food additives, the thickening stabilizer refers to a polymeric substance that is dissolved or dispersed in water to provide consistency, a known property of pectin. In addition, the thickening stabilizer is further classified according to the usage method. High viscosity in a small amount suggests its application as a "thickener." On the other hand, an additive used as a solidifying liquid in the form of a jelly is termed as "gelling agent." The additive is termed as a "stabilizer" when it is used for the purpose of increasing the viscosity to uniformly stabilize food ingredients, while it is referred to as "glue" when used for all of the above purposes. Pectin is used for all of these applications, indicative of its diverse functions.
Pectin used as a food additive is extracted and separated from citrus peel (mainly lemon), apple squeezed lees, and beet pulp (squeezed lees of sugar beet), among others. The extracted pectin is roughly divided into two types depending on the proportion of the methyl ester group of pectinic acid, namely the high methoxypectin (HM pectin) having a degree of esterification (ratio of methyl esterified galacturonic acid residues) of 50% or more and forming a hydrogen bond-type gel, and the low methoxypectin (LM pectin) having a degree of esterification of less than 50% and forming an ionic bond-type gel.
High methoxypectin is used for general jams and jellies. The addition of an acid to a pectin colloid with a negative charge results in the suppression of the dissociation of the carboxy group. As a consequence, the substance becomes electrically neutral, leading to the aggregation of pectin. Furthermore, the role of sugar added to jams is to cause dehydration and help stabilize the gel. As HM pectin containing a large amount of methyl ester group originally exhibits low electric charge, it easily forms gels even at low sugar concentration and high pH (Silva and Rao, 2006) . High methoxypectin is used as a stabilizer and thickener for beverages and fermented milk and a gelling agent.
Low methoxypectin exhibits great gelling properties in the presence of bivalent metal ions such as calcium and magnesium in the absence of sugar. This property is associated with two molecules of pectin that are crosslinked by calcium via a carboxy group owing to the less methyl esterified galacturonic acid, resulting in the formation of a network structure that undergoes aggregation (Silva and Rao, 2006) . Low methoxypectin is used in coatings, producing gloss on the surface of foods, preventing hardening of ice cream, and as stabilizers for frozen meat juice.
Physiological functions of pectin
Pectin is a food ingredient classified as dietary fiber, as it fails to undergo degradation by human digestive enzymes and is not absorbed as a nutrient component in the small intestine. The term dietary fiber was coined by Hipsley (Hipsley, 1953) . In 1972, Trowell defined dietary fiber as "a structural residue of a plant cell not affected by human digestive enzymes" (Trowell, 1972) in response to "fiber hypothesis for colorectal cancer" announced by Burkitt the previous year (Burkitt, 1971) . Since then, research on dietary fiber has advanced worldwide, and various health maintenance and regulatory functions have been reported. In particular, studies on dietary fiber are important in the Japanese society and have contributed to health promotion and disease prevention. For instance, the food containing dietary fiber is cited as "food to adjust stomach condition" under the "Food for Specified Health Uses (FOSHU)" according to Article 26 of the Health Promotion Law in Japan.
Among dietary fibers, pectin is shown as a component that affects physiological functions. In particular, pectin regulates the internal environment of the gastrointestinal lumen (pH, quantity and quality of intestinal bacteria, etc.) and generates short-chain fatty acids following the action of the intestinal bacteria. Furthermore, pectin regulates gastrointestinal functions through physical and chemical interactions with the gastrointestinal tract. Since 90-100% of pectin as a dietary fiber is decomposed by the intestinal bacteria, the actions by pectin mainly takes place in the small intestine where little intestinal bacteria exist, and the structure of pectin is closely related to its characteristics.
There is no evidence to clearly show the regulation of the gastrointestinal function through chemical interactions between pectin and the gastrointestinal tract, but there are several reports that support this hypothesis. For instance, it has been reported that the small intestinal mucosal structure of people in developing countries was significantly different from that of people in developed countries (Baker, 1973) . This difference was associated with the variation in diet or the amount of dietary fiber ingested. Animal experiments have suggested that the influence on the small intestinal mucosa structure is derived from pectin. It was reported that the crypts in the jejunum and ileum of rats fed with diets containing 18% pectin got deeper than those from rats without pectin supplementation (Brown, et al., 1979) . The mucosal proliferation of rat small intestine was promoted by pectin (Chun et al., 1989; McCullough et al., 1998) , and the villi of rats and chickens ingesting feed containing high pectin became irregular (Cassidy et al., 1982; Langhout et al., 1999; Tasman-Jones et al., 1982) .
The physiological functions of pectin reported so far include plasma cholesterol normalization activity (Terpstra et al., 1998) , suppression of cancer liver metastasis (Tazawa et al., 1999) , suppression of food allergy (Lee et al., 2004) , and antitumor activity (Ohkami et al., 1995; Olano-Martin et al., 2002) . Other new physiological functions are expected to appear in the future.
Induction of morphological changes in the small intestinal villi by pectin
The molecular mechanism underlying the change in the morphology of the small intestinal villi induced by pectin is yet unclear. To undergo changes in the morphology of the intestinal tract, it is necessary that the small intestinal epithelial cells recognize the molecular structure of pectin upon oral ingestion of pectin ( Figure  2 ). It is possible that the proteins on the epithelial cell membrane interact with pectin in a structure-specific manner and transmit any information from the inside of the cell. A protein that recognizes pectin has been identified (Nishida et al., 2014; . These authors tried to elucidate the underlying molecular mechanism by observing and analyzing cell response upon pectin administration in differentiated Caco-2 cells, model cells of the small intestinal epithelium.
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In the analysis of the cellular response, Nishida et al. (2014; focused on HS of the sugar chain that is ubiquitously present on the cell surface and in the extracellular matrix of all animal cells. HS belongs to the glycosaminoglycan type of sugar chain and is a linear polysaccharide of repeated disaccharide units of Nacetylglucosamine and glucuronic acid or iduronic acid residues in the Golgi apparatus. Once the backbone is synthesized, HS is sulfated at the N, 6-O, and 3-O positions of glucosamine and 2-O position of uronic acid residues by multiple enzymes to produce sugar chains with diverse sulfation patterns (Habuchi, 2000; Iozzo and Schaefer, 2015; Li and Kusche-Gullberg, 2016; Sarrazin et al., 2011) . HS is transported to the cell surface, wherein HS 6-Oendosulfatases (Sulf1 and Sulf2) modify the sulfated structure of HS (Frese et al., 2009; Lamanna et al., 2008) . Based on the sulfated structure synthesized by the enzymes, HS plays essential roles in various physiological activities as a receptor or co-receptor for different ligands such as Wnt, Hedgehog, fibroblast growth factors, and transforming growth factor-β and modulates the biological activities of these proteins (Bernfield et al., 1999; Bishop et al., 2007) . The recognition of pectin by differentiated Caco-2 cells would result in the change in the structure of HS on the cell surface. Therefore, studies have examined whether the expression of sulfotransferase and desulfating enzyme, which determine the sulfated structure of differentiated Caco-2 cell surface HS, was affected by the addition of pectin (Nishida et al., 2014; Nishida et al., 2015) .
Disaccharide compositional analysis revealed that the sulfated structures of HS were markedly changed by pectin administration (Nishida et al., 2014) . Real-time reverse transcription polymerase chain reaction (RT-PCR) showed that pectin upregulated human HS 6-O-endosulfatase-2 (HSulf-2) expression and markedly inhibited HSulf-1 expression. Furthermore, inhibition analysis suggested that the pretreatment with fibronectin III1C fragment, arginylglycylaspartic acid (RGD) peptide, and extracellular-signal-regulated kinase (ERK)-1/2 inhibitor suppressed the pectin-induced HSulf-2 expression (Nishida et al., 2014) . These observations indicate that pectin induced the expression of HSulf-2 through its interaction with fibronectin, α5β1 integrin, and ERK1/2, thereby regulating the sulfated structure of HS on differentiated Caco-2 cells.
The biological significance of the effect of pectin on HS in differentiated Caco-2 cells was investigated (Nishida et al., 2015) . An in vitro intestinal epithelium model was constructed by co-culturing differentiated Caco-2 cells and rat IEC-6 cells, which were used as models of intestinal epithelium and intestinal crypt cells, respectively. Pectin-treated differentiated Caco-2 cells promoted the growth of IEC-6 cells. Real-time RT-PCR analysis and western blotting showed that the relative mRNA and protein expression levels of Wnt3a were upregulated by pectin treatment in differentiated Caco-2 cells (Nishida et al., 2015) . Surface plasmon resonance spectroscopy analysis demonstrated that the pectin-induced structural alteration in HS markedly decreased its interaction with Wnt3a (Nishida et al., 2015) . These observations indicate that pectin altered the sulfated structure of the cell surface HS to promote the secretion of Wnt3a from differentiated Caco-2 cells and that Wnt3a stimulated the proliferation of IEC-6 cells ( Figure 3) . Lamanna et al. (2008) reported that the knockout of Sulfs affected the mRNA expression of 6-O-sulfotransferases (6-OSTs) and 2-OST-1. As pectin administration resulted in the marked inhibition of HSulf-1 expression, the effects of pectin on 6-OSTs and 2-OST-1 mRNA expressions were investigated in differentiated Caco-2 cells (Nishida et al., 2014) . HS-modifying enzymes have multiple isoforms and their expression patterns exhibit tissue-and developmental stage-specific variations (Nogami et al., 2004) . After pectin stimulation, 6-OST-1 mRNA expression increased by about three-fold and then gradually decreased to the normal level. On the other hand, no obvious increases were observed in 6-OST-2 mRNA expression. The increase in 6-OST-1 expression probably resulted in an increase in the ratio of ΔDi-di6S. 6-OST-3 expression was undetected in differentiated Caco-2 cells. The relative 2-OST-1 mRNA expression decreased and the ratio of ΔDi-NS was unaffected by pectin treatment, suggesting that the decreased ratio of ΔDi-diS2 was caused by the downregulated expression of 2-OST-1 (Nishida et al., 2014) . Nagel et al. (2008) suggested that the enzymatically modified apple pectin interacted with Swiss 3T3 fibroblast cells and their interactions were mediated by α5β1 integrin. As Swiss 3T3 fibroblast cells express fibronectins in the extracellular matrix (Verderio et al., 1998) , the effect of pectin on the upregulated HSulf-2 mRNA expression was mediated by fibronectin and α5β1 integrin (Nishida et al., 2014) . The galacturonan fragment of pectin from the aerial part of Comarum palustre L. was assumed to interact with the β1/β2 chain of integrins (Popov et al., 2005) , suggesting that β1/β2 integrins on the Caco-2 cells may support the binding between pectin and fibronectin.
Integrins mediate cell adhesion to the extracellular matrix proteins and regulate a number of intracellular signal transduction pathways. Integrins activate ERK1/2 by at least two different signaling pathways. Activated α5β1 integrin activates ERK1/2 via Src with tyrosine-phosphorylated focal adhesion kinase, leading to the subsequent activation of the mitogen-activated protein kinase (MAPK) pathway (Gilcrease, 2007; Schlaepfer et al., 1998; Schlaepfer and Hunter, 1997) . On the other hand, the association 
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New understanding of pectin as a bioactive dietary fiber of α5β1 integrin with the membrane protein caveolin results in the activation of ERK1/2, followed by the subsequent phosphorylation of the tyrosine of the adaptor protein Shc by the enzyme tyrosine kinase Fyn (Gilcrease, 2007; Wary et al., 1996; Wary et al., 1998) . In Caco-2 cells, α5β1 integrin mediates fibronectin-induced epidermal growth factor receptor (EGFR) activation, which leads to EGFR-mediated activation of ERK1/2 and cell proliferation (Kuwada and Li, 2000; Kuwada et al., 2005) . As Ai et al. suggested that QSulf-1 removes 6-O-sulfates from HS chains on the surface of HS proteoglycans to regulate the binding of Wnt proteins (Ai et al., 2003) , pectin-induced HSulf-2 expression may affect the affinity for Wnt proteins.
As the cell surface HS is mainly expressed on the basolateral side of polarized Caco-2 cells (Mertens et al., 1996) and predominantly located on the basement surface in the developing intestine (Simon-Assmann, 1989) , pectin may promote the secretion of Wnt3a from differentiated Caco-2 cells by changing the sulfated structure of HS to reduce its interaction with Wnt3a. Furthermore, the secretion of Wnt proteins is usually inefficient and attempts to characterize Wnt proteins are restricted by their high degree of insolubility (Willert et al., 2003) . As it is important for the cell to express HS on its surface to facilitate the functioning of Wnt proteins, further studies are required to investigate this point. Moreover, Wnt3a is mainly expressed in Paneth cells that reside next to the intestinal stem cells (Sato et al., 2011) . As transit-amplifying cells in crypts migrate along the crypt-villus axis, pectin may promote morphological changes in the small intestine by regulating the affinity between Wnt3a and HS in crypts. This study provided fundamental insights into the mechanisms of pectin-induced morphological changes in the small intestine in vivo.
Conclusion
As a food ingredient, pectin plays important physiological functions during its movement through the intestinal tract. Pectin is used for fermentation by intestinal bacteria after reaching the large intestine and serves as a key secondary metabolite. However, some other physiological functions of pectin are yet undetermined. The hypothesis that proteins recognizing pectin are expressed on the intestinal epithelial cells may be the first step toward finding new functions of pectin. The possibility that the epithelial cells of the intestinal tract exhibit the function of distinguishing dietary fibers may open new avenues for exploring the physiological functions of dietary fibers.
